The strategy of synthesizing diazeniumdiolates (X-N(O)¼NO À ) through the coexistence of nitric oxide and alkoxides (RO À ) was introduced by Wilhelm Traube 120 years ago. Today, despite the wide use of diazeniumdiolate derivatives to release nitric oxide in the treatment of cancer, the first step of the reaction mechanism for diazeniumdiolate synthesis remains a mystery and is thought to be complex. We have studied the gas-phase reactions of nitric oxide with alkoxides at room temperature. An electron-coupled hydrogen transfer is observed, and the radical anion HNO À is the only ionic product in these reactions. HNO À can further react with nitric oxide to form N 2 O and HO À .
Introduction
Nitric oxide (NO) is critically important in the functioning and regulation of biological systems. [1] [2] [3] [4] [5] [6] [7] [8] [9] Various diazeniumdiolate (X-N(O)¼NO À ) derivatives are emerging today as a major class of promising drugs for the treatment of cancer via the release of NO. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] One of the most commonly used methods for the preparation of diazeniumdiolates is the reaction of NO with carbanions, formed in the presence of the highly basic methoxide ion 20 ; the reaction procedure was introduced by Wilhelm Traube 120 years ago. 21 Despite more than a century of research, the initial intermediate remains a mystery in these reactions. Recently, DeRosa et al. 22 reported the direct reaction of methoxide with NO in solution (CH 3 ONa We have studied the ion-molecule reactions of alkoxides with NO in the gas phase where mechanistic details can be elucidated. We have found that these reactions, in addition to forming species that were detected or inferred by DeRosa et al., 22 proceed through a key intermediate HNO
À
, which is directly detected in these mass spectrometric studies.
Experimental
The experiments were carried out using the tandem flowing afterglow-selected ion flow tube (FA-SIFT) at the University of Colorado, Boulder. This instrument has been described in detail elsewhere. [23] [24] [25] The FA-SIFT technique allows quantitative measurement of the rate constants and product distributions for gas-phase ion-molecule reactions. The instrument consists of four sections: (1) a flowing afterglow ion source for generation of the reactant ions, (2) a quadrupole mass filter region for selection and injection of the desired ion, (3) a reaction flow tube where neutral reagents are introduced to initiate the ion-molecule reaction, and (4) a triple quadrupole/electron multiplier region for separation and detection of the reactant and product ions. Each of these sections will be described in more detail below.
Ions are formed in the flowing afterglow source by introducing small amounts of appropriate precursors into the helium buffer gas flow, which is maintained at a pressure of about 0.25 Torr. Ions are formed by electron ionization using a thoriated iridium filament, biased at 80 V relative to the flow tube potential. These initial ions are converted to the desired reactant ions by ion-molecule reactions. For the studies reported in this paper, electron ionization of N 2 Ions are extracted through a small orifice into the differentially pumped quadrupole region. The ions are focused by a series of lenses, and ions of a specific massto-charge ratio (m/z) are selected by the mass filter, refocused by lenses, and injected through a Venturi inlet into the reaction flow tube.
The injected ions are entrained in a flow of purified helium buffer gas that is maintained at a pressure of 0.4 Torr and a flow velocity of 100 m s À1 . The ions undergo multiple collisions with helium, which thermalizes the ions to room temperature. Neutral reagents are then added through a manifold of inlets to provide a variable reaction distance and therefore variable reaction time. For these experiments, a mixture of 4% NO in helium is used as the source of the NO reactant; this mixture is passed through a dry ice/acetone trap to remove impurities. The flow rate of NO is determined by monitoring the pressure change with time in a calibrated volume system.
At the downstream end of the flow tube, the ions are sampled through a nose cone and focused by lenses before entering a triple quadrupole mass filter. For these experiments, the first two quadrupoles provide additional focusing, and the mass spectrum is obtained by scanning the voltages of the third quadrupole. Ions are detected with the electron multiplier, and their intensities are plotted as a function of m/z. The reaction rate constants are determined by monitoring the decrease in reactant ion signal as a function of increasing reaction distance; the slopes of these plots are combined with other experimental parameters to determine the quantitative rate constants. Reported values represent the averages of three experimental measurements. Total error is estimated to be AE25%.
Results and discussion
Our initial studies of the reaction of methoxide ion with NO suggested that no reaction occurs. However, this apparent lack of reactivity arises from the isobaric nature of the CH 3 O À reactant ion and the HNO À radical anion product. Figure 1(a) illustrates the reaction of deuterated methoxide with NO; the primary ionic product DNO À is readily observed, and formaldehyde is the corresponding neutral product (reaction (1)).
By increasing the reaction distance, and therefore reaction time, the secondary product DO À appears due to the subsequent reaction of DNO À with NO (Figure 1(b) and (c), and reaction (2)).
The measured reaction rate constant for CD 3 
. The absence of previous reports on the gas-phase reactivity between CH 3 O À and NO may be due to the fact that the product HNO À cannot be experimentally observed or distinguished from CH 3 O À due to the m/z overlap. In order to better understand the reaction mechanism, we studied the reactions of CH 3 Density functional theory calculations using B3LYP/6-311þþG** are performed to investigate the electron-coupled hydrogen transfer from CH 3 O À to NO. The DFT calculated and fully optimized structures used in this paper are given in the supplementary material. Figure 2 shows that with the approach of NO to the CH 3 25 (e.g., reaction (2)) but also because the electron affinity (EA) of HNO is very small. Ellis and Ellison studied the photoelectron spectroscopy of HNO À and the EA(HNO) is only 33 kJ mol À1 . 26 In a complex liquid environment, HNO À will be active as a strong Lewis base and loss of its unpaired electron is feasible, resulting in the neutral HNO. Indeed, in our gas-phase experiments, some thermal electron detachment from HNO À may also occur. In conclusion, our studies of the reactivity of alkoxides with NO reveal the formation of HNO À ; this radical anion may play a critical, previously undetected role in the initial step of preparing diazeniumdiolates. 
